Proteins originated in early forms of life and have long survived, because they have always been required. Some recognizably similar proteins are found in all sequence comparisons between species, no matter how distant, including prokaryotes and eukaryotes. Reported here are observations on the relationships of human proteins to the proteins of 458 prokaryotes for which protein libraries are available. Each of these libraries includes a protein that matches a human protein with a BLAST score of 573 or more, indicating excellent conservation of certain amino acid sequences. A majority of these proteins also match a yeast protein and other eukaryote proteins with comparable accuracy, indicating that protein conservation is responsible in most cases rather than the horizontal transfer (HGT) between eukaryotes and prokaryotes. Rare examples of HGT are apparently also seen.
Past evidence for early origin of proteins comes from many studies, for example from the sharing of structural folds of proteins among the three super-kingdoms examined by Yang et al (1) . They defined and studied 1244 protein fold superfamilies (FSF). Of these 654 occurred in at least one species of each of archaea, bacteria or eukarya among the 174 species they utilized. They even found 49 FSF present in all three super-kingdoms among their examples. This evidence clearly indicates sharing of some functional regions among the proteins of all living forms. It is not yet possible to draw the tree of relationships back to the last common ancestor of eukarya and prokarya (LCAEP), presumably because of extensive horizontal transfer (HGT) among the prokarya (2) . Since HGT has occured in recent times between primitive eukarya and prokarya (3) it is likely that HGT occurred between the early eukarya and prokarya. Thus the effective last common ancestor between eukarya and prokarya genes was probably later than the occurrence of the first eukarya in the fossil record and the date is unknown.
In every species tested, including human (4), the proteins are almost all related to other proteins of the same organism, showing the extent of past duplication. The percentage of the set of proteins that match others in the same set is always large, ranging from about a third of all proteins in some prokaryotes with few proteins to almost all proteins in most species examined.
The approach here is to compare human proteins (representing eukaryotes) with the proteins of many prokaryotes, using BLASTp (5) . Comparisons are made to human proteins because the human library is nearly complete and well studied. Comparisons are reported at varied criteria of precision to yield a more full description. A number of human proteins make almost full length precise matches to prokarya proteins.
The date of the branching between prokaryotes and eukaryotes has been variously estimated. The earliest known eukaryotic fossil is about 1,500 MYA (6, 7) . There are traces of eukaryotic steranes in 2700 million year old Australian shales (8) that may imply the existence of eukaryotes at that time. Based on protein comparisons an estimate of 2 billion years was made (9) later extended to 2.5 billion years (10) . Thus 2.5 billion is a useful round number adding up to 5 billion years summing the time in both lineages, though no strong argument could be used against smaller estimates depending on how long a period of massive HGT persisted between prokarya and the eukarya as they advanced in form and complexity. The increasing need for complex 5' control regions and many transcription factors in eukaryotes probably reduced the significance of HGT from prokaryotes, because in order to be useful a newly arrived gene would need to develop or share such control features.
A particularly significant observation is that individual prokaryote proteins match well with many human proteins which have a variety of different functions. These specific cases demonstrate that many proteins have evolved by duplication and divergence of function in the eukaryote lineage since the LCSE (last common sharing event). Tests with a large library of prokaryote protein sequences containing the protein libraries for 458 prokaryote species indicates that more than half of human proteins still retain significant though weak sequence relationship to prokaryote proteins. The overall process has been mutualism of protein evolution and organism evolution, each totally dependant on the other but with independent time courses.
RESULTS

Best human protein matches to many prokaryote species proteins
A library of the proteins is available for each of a set of 458 prokaryote species including 28 archaea. There are about 1,436,050 proteins in this collection. These protein sequences were compared with the human protein library build 36, using BLASTp (5). In the first step in the analysis the maximum score was listed for a protein from each prokaryote species matching any human protein. BLASTp score values for these maxima ranged from 595 to 1373, all extremely good scores. These matches have better than 50% amino acid sequence match and typically include most of the length of the human protein and the prokaryote protein. The average maximum score per species for archaea was 817.2 and for all others was 1027.4. Table 1 lists the best of them, including only 22 human proteins since all but 5 of them make the best match with the proteins of many prokarya. One human protein, NP_000245, 5-methyltetrahydrofolatehomocysteine methyltransferase is the best match for 124 of the species. Table 1 The highest scoring human proteins matching the proteins of  The 458 prokarya protein sets  Species  1 Max score  2 ID   3   69  1137 NP_000161  124  1373 NP_000245  1  663 NP_000928  6  851 NP_000929  3  1100 NP_001024  9  612 NP_001677  1  595 NP_001681  57  872 NP_001866  44  961 NP_002188  1  833 NP_002853  3  808 NP_002854  9  692 NP_004125  16  1183 NP_004332  2  874 NP_005600  2  682 NP_009057  2  1254 NP_035194  1  1113 NP_036525  15  927 NP_038203  13  1030 NP_060040  4  634 NP_068746  73  1165 NP_071504  1 1090 NP_497341 1. Number of prokarya species for which this human protein gave the best match 2. Maximum score for this human protein 3. Identifier for this human protein.
The chance of accidental sequence match or convergence is negligible for the typical length and precision for the best matches shown in Table 1 . That leaves almost no doubt that they are derived from a last common ancestor. These examples are simply the best matches of very many good matches. Table 2 shows how many different human proteins find matches as a function of match quality as measured by the BLAST score. The last line is for matches better than the minimum significant match (expectation 10 -3 ). This result shows that a majority of human proteins are related weakly but significantly to prokaryote proteins, suggesting that human proteins are primarily derived from very early proteins. 
Possibilities of horizontal transfer
An issue is whether these good matches are the result of effective conservation of the amino acid sequence over the 2 billion year period since the last common ancestor of eukarya and prokarya (LCAEP) in both lineages or has horizontal transfer occurred. One way to approach this question is to examine the distribution of good matches to these proteins among a number of species of eukaryotes. For this study the 106 human proteins have been selected that match prokaryote proteins with scores of 660 or better. Dania rerio 1/ The number of cases in which the best match to the eukaryote species protein has a higher score than the best match to a prokaryote protein.
2/The number of cases in which the score was greater than 100 for a match to a protein from the eukaryote species. Table 3 shows that moderately conserved versions of almost all of the 106 proteins are present in the set of proteins of these 6 species that are a small sample of the eukarya. The bottom 4 species (animalia) include proteins that match very well to two thirds or more of the set of 106 proteins. Almost all the 106 proteins match moderately well to proteins of the animal species (>100 score). More divergence of these proteins has occurred in the evolution of the plant lineages and the fungi leading to the modern yeast.
Only a few of them (22 and 26) have a better score in matching a yeast or plant protein than the prokaryote match. Fewer are recognizable (58 and 51) with a score of 100 or more. Table 4 shows that there is some variability in the selective history of these proteins. Principally the 4 animalia show high scores with a few exceptions. For example certain of the 53 human proteins matches with individual animal species may show lack of recognition or low scores for best matches to proteins while the others show good matches. However In a majority of cases the yeast protein score is low and usually the plant score is also low for the same human protein. In more than a third of the cases the score for all 6 of the species shown on table 4 is greater than 300 -a very good match. For only two of the proteins, placed at the bottom of the list, there are very poor matches to all of the six species proteins. These two are listed as human hypothetical proteins and may be examples of transfer from a prokaryote to the human lineage, without the transcription regulatory system having developed. These are the only possible examples of HGT to eukarya during evolution of the animalia, on table 4. A table like table 4 of all of the scores of the 106 proteins (with max scores of 660 ) with the 6 eukaryotic species was assembled (not shown) and these two are the still the only examples of possible recent HGT. Some of the poor matches are significant, and need further exploration.
To further explore significance the high sequence match scores each of the 53 human proteins was matched with all of the proteins of the 458 prokaryote species and the number of these species was counted that included proteins with good matches (expectation less than 1e-100). As shown in the last column of Table 4 good matches are spread widely among the different species of prokarya. Practically all of the 53 match well with proteins of many of the 458 prokarya species. Five even find good matches in a majority of the prokarya species. The table of the 106 species (not shown) gives a very similar pattern . The average over the 106 human proteins was matches with proteins of 170 different prokarya species at this very high criterion (expectation 1e-100). Sequence relationships indicating highly conserved proteins are not rare among the prokarya or eukarya. There has been a suggestion that if a protein is present among vertebrates and absent from invertebrates it might have been the result of horizontal transfer (11) . For the 106 cases, not shown, there are no cases in which there is a low score for all of yeast, plant and Ce the representatives of the non-vertebrates, except for the two cases mentioned above which have low scores with all 6 species. For other cases there is no suggestion of HGT after the branch between the lineages leading to vertebrates and nonvertebrates. A study of HGT among eukaryotes (3) lists many cases of transfer of proteins from prokaryotes to lower eukaryotes such as Diplomonads and fungi and an example of Agrobacterium genes to the plant Nicotiana. In some but not all cases phagotrophy was a likely cause. No cases are described of inter-domain transfer to vertebrates or HGT among vertebrates. Clearly the cases of amino acid sequence similarity we have observed between prokaryotes and human proteins are not likely due to recent HGT, except for the two mentioned above. It is not surprising that these 106 well conserved proteins are typically well preserved in the animal species, as shown for the best 53 on table 4. The low scores or non recognition of a set of them in yeast and plant presumably reflect the differences in the needs for some of the functions of these proteins in their evolutionary processes, but could be due to ancient HGT, as the early animal ancestors evolved .
These data lead to the conclusion that the protein sequence similarities are due to shared ancestry of the proteins. However the effective time of existence of that ancestor is not necessarily the date of separation of lineages leading to present day prokaryotes and eukaryotes (LCAEP). Fossils and chemical traces may establish the earliest known eukaryote as about 2 billion years ago (6, 7) . However the Andersson (3) study indicates many events of inter-domain HGT to lower eukaryotes. It is easy to postulate that the rampant interspecies HGT among prokarya was equally significant in prokarya evolution in the distant past. Also in the early days of eukarya evolution gene transfer may have crossed the domain boundary to eukaryotes as the boundary was forming. How long after that it continued to be rampant to and among eukaryotes is purely a matter for speculation. It is likely that the rate of HGT was retarded long before the vertebrates originated, due to specialization of tissues and richer requirements for gene expression control. In early eukarya newly acquired genes were not useful until control regions and effective trans regulatory factors were developed.
A rating method that recognizes good matches among shorter proteins. The BLAST score puts emphasis on the length of the match and thus selects longer proteins. The rating method used in this section called FP uses the product of the fraction of the length of the prokarya protein included in the match times the percent match. This FP rating favors the accuracy of the match and the coverage of the prokarya protein by the region of similarity with the human protein. There are 280 different human proteins that match prokarya proteins with a rating of 55 or more. The matching pair of human and prokarya with the largest FP among the proteins of each species were selected. Due to a requirement that the FP rating be greater than 55 there are 452 species protein libraries in the list, out of the 458. However there were only 37 different human proteins in these matches, as shown on table 5. The small number is due to the fact that the prokarya share very many similar proteins among different species, as shown also in Table 1 , using the BLASTp scoring method. The average FP was 67.9 for these high scoring matches. That would typically be the result of about 91% of the protein length in the match and 74% of amino acids matching. Two of these proteins also occur on table 1, thus the FP rating and BLASTp score methods have a large degree of independence in the matches they select.
Interestingly the human proteins were almost always slightly larger than the prokarya proteins in these best matches. In only 14 out of the 452 the prokarya protein was slightly larger and the average ratio of the protein lengths was 1.07 favoring the human proteins. In only two cases the human protein was very much longer. Thus there is a class of human proteins of a few hundred amino acid length with great similarity to prokarya proteins in length and amino acid sequence. Table 5 The many functions of human proteins derived from a single prokaryote protein.
One Mycoplasma genitalium (Mg) protein identified as NP_072883 (HMW2 cytoadherence accessory protein) matches 345 human proteins of the KGMV library, (see methods). Table 6 lists 49 human proteins of the KGMV library with the best matches (expectation better than 1e-22). The variety of human protein types with similarity to one Mycoplasma genitalium (Mg) protein gives insight into human protein evolution. Table  6 lists just the best matches from the KGMV library (see methods) out of 345 human proteins that owe their origin, at least in part, to a protein of a last common ancestor shared with Mycoplasma genitalium. The fraction of the length of the Mg protein that matches these human proteins at high score is shown in fig 1. Only two match almost full length, while a few match nearly full length. The others match shorter regions all overlapping a central region. In the long history of the eukaryotic lineage leading to apes since our last common ancestor with prokaryotes parts of this protein sequence have been used for many protein functions. Table 6 that lists their names. Table 6 also lists the expectation calculated by BLASTp. More details of the relationships. This Mg protein (NP_072883) was also compared with the build 36 human protein library listing 34,180 proteins and about a hundred of these proteins matched with expectation 10-21 or better. An attempt to associate these sequence similarities with protein domains was made using Pfam search (pfam.janella.org). No domains were recognized in NP_072883 while six domains were recognized in the three top human proteins listed on table 6. They were all distinct from one another and all relatively short. The long conserved regions shown on Fig 1 cannot easily be connected to domains and the conclusion is that some other important aspect of protein sequence or structure has been conserved over billions of years. Further work would be required to identify the significance of so long a region.. NP_072883 was also compared with the proteins of the fish D rerio and Drosophila melanogaster. The results in both cases were similar to the results of the comparison with human proteins including many hundreds of matches (499 for Drosophila ) and a comparable number with expectations less than 10-20. There were a comparable number of matches recognized in rice proteins (529 total) but fewer that matched with expectation 10-20 or less. There were many matches with yeast (Saccharomyces cerevisiae) but only 13 with expectation 10-20 or less. There is no way that these results could be explained by a horizontal transfer from prokarya to eukarya but a proposal could be made that one of the genes of the eukarya might have been transferred to Mycoplasma genitalium or one of it's relatives. To test this the Mg protein (NP_072883) was compared with all of the proteins of the 458 prokarya. There were one or two close matches and 199 matches with expectation less than 1e-19. The presence of so many similar proteins among many of the prokarya pretty well rules out such a transfer in recent times. It does prevent the identification of the potential precursor protein of the many eukaryote and prokaryote proteins, leaving no doubt that such a protein existed. This data helps to fill in the view that the origin of many eukaryotic proteins occurred in the last common ancestors of bacteria and eukaryotes (LCAEP) or in an early sharing event. Also it suggests that the set of related proteins shown on table 5 and 6 had their origins early in the lineage leading to apes, many as early as the branch leading to insects.
Discussion
Relationships and possible late common protein ancestors
It seems a common opinion that all eukaryote proteins derive from a small number of proteins of early forms (e.g. 12) and this view is likely correct since no serious alternatives are known. Earlier it was shown that almost all human proteins are the result of duplication(4) many of which were ancient events leading to the suggestion that human proteins were the result of duplication, divergence, rearrangement and the evolution of new functions. This work shows that many of the human proteins have amino acid sequence similarity to prokaryotic proteins. The fact ( Table 2 ) that 20,596 human proteins have recognizable similarity (expectation 10-3) to proteins of prokarya supports the view that human proteins are the product of a long process of protein replication and divergence that started with last common protein ancestor shared with prokaryotes. The precise amino acid sequence relationships between the proteins of eukarya and prokarya reported here leave no doubt about the existence of a common ancestral origin.
The time of existence of that ancestor and the occurrence of horizontal gene transfer have been partially examined . Table 4 lists the scores of the 53 best matching human proteins to those of individual species of prokarya. It also lists the best scores for the same human proteins with proteins of 6 eukarya, representing fungi, plants and animalia. With few exceptions the animalia scores are high. In only two cases listed at the bottom are they all low. In these cases, which are hypothetical human proteins, the scores for yeast and plant are also low suggesting possible horizontal transfer after the branch from the human lineage to the lineage leading to modern fish. In one other case described in the section describing a different match quality rating system there is also such a suggestion. These three cases need further examination. Beyond these three cases there is no suggestion of a last protein common ancestor that occurred after the branches to plants and fungi.
In about half of the 53 examples listed on Table 4 the score for yeast or plant proteins or both is high. For the 106 cases examined (not shown) both the yeast and plant scores are over 100 and in 66 cases either plant or yeast proteins score over 100. The examples in which yeast or plant score less than 100 there are two alternatives: the protein diverged or was lost in the lineage of the modern species or it was never present. Further examination of the proteins of many species might resolve this question and establish whether or not HGT occurred. The best that can be said with the current data is that in about half the 106 cases HGT might have occurred after the branch from the vertebrate lineage to yeast and plant lineages but there is no direct evidence that it did occur.
The length of conserved regions and domains
The length of the conserved regions for an example is shown in Table 6 and Fig 1  and in all cases is longer than typical functional modules, which have a mode value of about 100 residues(12, fig 2) . A few examples have been examined in which long regions almost the full length of the prokaryote protein have been accurately conserved, often with about half of the amino acids matched. In one example PFAM identifies a single domain 423 residues long but the match between the human and the prokarya (Pm) protein is 962 residues long, with a 46% match. In some other cases (not described) the matches are longer than the domains identified by PFAM. The observations clearly show that regions of proteins extending beyond known domains are matched. Domains are only part of the story of protein function, and evolutionary conservation.
The many human proteins matching a single prokarya protein ancestor. The data of Table 6 show clearly that many human proteins match well to a single prokarya protein and the conclusion is that they derived in part from a common ancestral protein. This is not an isolated case, simply an example chosen because of the number of human related proteins. For example there are 11 Bx (Burkholderia xenovarans) proteins that each match 20 human proteins with an expectation of 10 -20 or less. There are also 6 Bx proteins that each match 47 human proteins, most involving the DEAD box. All of this is what would be expected if the human proteins were the end product of a long period of evolution of proteins with new and old functions that depended on duplication, rearrangement, combination of useful parts, divergence and selection.
Evolution of proteins and species
The replication to form new protein types is a very much slower process than the replication of organisms or the creation of new species. Both proteins and organisms replicate and diverge and undergo selection. Metazoons require tens of thousands of proteins and complex systems of regulation of their expression in many different cell types so that each individual develops and goes through a life cycle meeting procreation, ecological and social requirements. Success and failure adds up to natural selection for individuals and species. In comparison natural selection for proteins depends on their contribution to this complex system. The protein evolution and the biological species evolution are both dependant on each other: an example of mutualism between a set of molecules and a set of biological species.
To estimate the independence of protein and organism history it would be worthwhile to estimate their relative rates of replication but that is difficult to do with any accuracy. For the eukaryote species we can make a very rough model, by assuming a steady state even though it has been perturbed by large scale events of extinction. At present there are less than 2 million described biological species and the estimates of the total present number including un-described species range from 10 million to 100 million. Assume that at any one time in the past there were 10 million species with a mean lifetime before extinction of 4 million years (13) . Thus on average a couple of new species appears every year and a few go extinct, by this crude calculation. The order of magnitude is probably correct. The calculation suggests that there have been 5 billion species of eukaryotes that appeared and became extinct since the LCAEP. The uncertainty is so great that I usually consider that there have been a billion species, while there might have been 10 billion.
For the proteins we have no idea of the extinction rate. An estimate of the number of proteins present in the LCAEP can be based on the number of proteins that have survived in the prokaryotes, with a maximum presently known of 8702 in Bx (Burkholderia xenovarans). The number of types of proteins in the prokaryotes taken together is much larger, but protein evolution has occurred among them , of course, giving rise to new functions. We are left with a crude estimate of 10 4 proteins in the LCAEP as a starting point. The present day number of protein types is about 10 5 , suggesting a tenfold growth. This has occurred over about 2 billion years suggesting a duplication every 200 million years on average, not allowing for losses. This is the required minimum rate of protein duplication.
Of course there is another way to count proteins, multiplying the number of biological species by the number of proteins in each and counting polymorphism in populations, leading to a very large number of more than 10 5+9 but the interest here is in the evolution of types of proteins.
It is hard to say what limits can be placed on losses in the early years of metazoon life but in the last few hundred million years they have not been great. For example a fish D rerio shares about 90% of human proteins at expectation less than 10 -3 . However proteins are many of them present in families and individual family members could be lost without losing the recognition of fish and human proteins. Little confidence can be placed in these crude estimates, but there seems no doubt that new protein formation is orders of magnitude smaller than that of biological species which has produced a billion species at least.
METHODS
Many comparisons have been made with BLASTp (5) at the most open possible criterion to detect distant relationships. The criterion for a significant match of an expectation of 10-3 or less was chosen because that is the most open criterion at which few if any accidental matches occur as shown by the following test. The proteins of the Archaea, (Haloquadratum walsbyi), were compared using BLASTp to a random protein library with the same set of lengths and average composition as the KGMV human protein library. The result was that the 13298 proteins of this library made 4 matches with the random sequences. This was taken as a negligible accidental background level. A limit of 10 -3 allows a very small background number of accidental matches and is a conservative choice of expectation limit. This open criterion is suitable for recognizing many significant similarities between human proteins and proteins of prokaryotes. Build 35 with 25,193 proteins while build 36 has 34,180. proteins. An Apple G5, a Sun II and a Dell 8200 were used for these studies. To prepare the file of "known protein" genes that include the proteins that have been studied a list of the 25,193 genes with brief identifiers was alphabetized and blocks of were removed, for example those identified as hypothetical or similar to other genes. Then all the members of sets of transcription variants were removed and replaced with the gene that appeared to have the longest variant, with 13,298 remaining, called the KGMV library. For this purpose the length of the transcript was taken from the protein description. For each match the BLASTp program calculates an expectation. An expected frequency of occurrence can be converted to a probability of occurrence using the equation: P = 1 -exp(-E). In the limit as E approaches infinity, P approaches 1. In the limit as E approaches 0, P approaches E.
